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ABSTRACT 
The purpose of this experiment was to determine the ef-
fectiveness of a lubri-coolant directed in such a way that 
it impinged just below the chip at the tool-chip interface 
in an orthogonal cutting process. This was compared to the 
conventional method of flooding lubri-coolant around the 
tool-chip area. 
This experiment was performed on a lathe and a 9 to 1 
ratio by weight of water and emulsifiable oil was used as 
the lubri-coolant. The strain on the tool holder encoun-
tered during the cutting operation was measured with strain 
gages mounted on the tool holder. These strains were con-
verted to forces by separately calibrating the tool set-up 
on a Riehle testing machine. The cutting speed employed was 
as close to the ASTME recommended value for 4140 steel of 
275 surface feet per minute as possible. 1* 
The lubri-coolant was directed at the tool-chip inter-
face by drilling a 1/16 inch diameter hole in the tool hold-
er in the proper location. 
The results obtained show that the forces required to 
cut a material were less if the lubri-coolant was directed 
on the tool-chip interface when larger values of feed and 
depth of cut were used, and that with smaller values of feed 
and depth of cut, the method of flooding was equal or super~ 
ior. 
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Greater force required to cut a material means that 
more friction is involved during a cutting operation, and 
hence more heat, more wear of the tool and shorter tool 
life. All these factors result in a higher cost of manufac-
turing. 
The above.mentioned quantities can be reduced by the 
application of a lubri-coolant. A stream of lubri-coolant, 
under pressure, applied at the tool-chip interface forms a 
film at this interface and reduces friction, thereby causing 
a reduction in heat, tool-wear, cutting force and, hence, 
cost of manufacturing. In fact, any process which brings 
about the above mentioned effects is preferred, all other 
considerations being equal. 
2 
REVIEW OF LITERATURE 
CUTTING FLUIDS2 
A premium cutting fluid as marketed today is far dif-
ferent from those considered to be the ultimate in perform·-
ance only 10 to 15 years ago. Today's metal cutting fluids 
contain a wide selection of special chemical agents designed 
to supply a definite degree of lubricity, surface activity, 
stability and anti-weld properties. 
Cutting. fluids have been used as aids to metal cutting 
since 1883, when F. W. Taylor first Proved their value. 
Taylor showed that a heavy stream of water, flooding the 
tool-chip workpiece contact area during cutting, permitted 
cutting speeds to be increased 30% to 40%. This early dis-
coverery led to the development and use of fatty oils for 
all types of metal cutting operations followed by mineral 
oils formulated for machining brass and other nonferrous 
alloys and for light cutting on steel. For more severe op-
erations, blends of mineral oil and lard oil proved highly 
effective. 
In an effort to make use of the excellent cooling abil-
ity of water, the chemical and petroleum industries came up 
with emulsifiable or soluble oils which mix with water to 
form emulsions of high cooling ability. Extensive research 
further brought forth chemical additives that could be added 
to cutting fluids to impart the properties needed in heavy 
duty machining. 
Cutting fluids can be classified into the following 
types: 
1. Straight cutting oils (not mixed with water) 
(a) Active oils 
(b) Inactive oils 
2. Emulsifiable oils ("soluble" oils) 
3. Chemical (Synthetic) cutting fluids. 
3 
Straight cutting oils as the name implies,-are not 
mixed with water for use in metal cutting. They are avail-
able in many formulations ranging from straight mineral oils 
to highly compounded blends especially formulated for severe 
operations. 
An active oil is defined as one that will darken a cop-
per strip immersed in it for three hours at 212°F. An in-
active oil, under the same conditions, will not darken the 
strip. 
In the active oils usually about 2% of sulfur by weight 
is added to produce an active sulfurized oil which upon re-
heating in the cutting zone will release some of this added 
sulfur and provide a.pressure separation between the chip 
and the tool face resufting in reduced friction. The oil 
acts as a carrier to bring the additive to the cutting edge 
and form an adsorbed film composed of molecules of the lubri-
cant which has become chemically combined with the surface 
4 
atomic structure of the metal. It is a tough film and re-
sists removal even at high pressures and high sliding veloc-
ity. This type of lubrication is referred to u boundary 
lubrication, for the lubrication ia provided at the boundary 
or interface of the two contacting aurfacea. 
On the other hand, the entire content of sulfur in an 
inactive oil is natural sulfur contained in that oil. Be-
cause it is tightly bonded within the hydrocarbon atructure 
of the oil, the sulfur is not released and has no value 
chemically in the funQtioning of the cutting fluid during 
machining. 
Active oils are generally used in machining steel. 
These oils may ·be dark or transparent, straight sulfurized 
or sulfa-chlorinated, mineral or fatty compounded. The dark 
oils generally contain more sulfur than the transparent sul-
furized oils and are usually considered better for heavy 
duty jobs. Today however, the newer additives and'concen-
trates make the transparent oils just as suitable for tough 
machining applications. 
To be most effective a.s a coolaJ)t, a liquid should havea. 
(1) .High specific heat 
(2) High thexmal conductivity 
(3) High heat of vaporization 
Neither mineral oila nor blends of mineral oils are 
amo~g the best fluicls in these respecta, COIUiequently they 
are not the most effective fluids for removing heat once it 
has been genera~ed. 
5 
Actually, water is about the most effective cooling 
medium known but it has drawbacks such as promoting rust and 
possesses little or no value as a lubricant. Lubricating 
and rust preventing properties, however can be combined with 
water's excellent cooling properties in what are called 
"soluble" oils oils compounded so they will form stable 
emulsions when mixed with water. 
Soluble oils, more properly called emulsifiable oils, 
are mineral oils containing a soap or soap-like material to 
make them "soluble" in water. These emulsifiers break the 
oil into minute particles and keep the particles dispersed 
in water for long periods of time. 
Because of their cooling-lubricating properties emul-
sions are used for metal working operations with high cut-
ting speeds and low cutting pressures, accompanied by con-
siderable heat generation. 
Mixtures can range anywhere from one part oil in hun-
dred parts water (1:100) to a 1:5 oil-water ratio. The 
leaner emulsions are used for lighter machining operations 
and where cooling is the essential requirement. Lubricating 
properties and rust prevention increases with higher concen-
trations of oil. 
Chemical cutting fluids, sometimes called synthetic 
6 
fluids, are the newest members of the cutting fluid family. 
These fluids are blends of a number of chemical agents 
in water. All of these fluids are coolants; some are also 
lubricants. Chemical cutting fluids contain no mineral oil, 
they form either a true solution in water or extremely fine 
colloidal solutions. 
Chemical agents that go into these fluids include: 
(1) Arnines and nitrites for rust prevention 
(2) Nitrat~s for nitrite stabilization 
(3) Phosphates and borates for water softening 
(4) Soaps and wetting agents for lubrication and reduction 
of surface tension 
(5) Phosphorous, chlorine and sulfur compounds for chemical 
lubrication 
(6) Glycols as blending agents, and 
(7) Germicides to control growth of bacteria. 
Basically the functions of the cutting fluid ·are as fol-
lows: 
(1) Cool the workpiece and tool 
(2) Reduce friction 
(3) Protect work against rusting 
(4) Provide anti-weld properties 
(5) Wash away the chip. 
The relative importance of these functions, depends up-
on the material being machined, the cutting rate, the cutting 
7 
tool used and the finish required on the part. 
The prime function of a cutting fluid is the control of 
heat in the machining process. It does this in two ways: 
by straight cooling action (carrying away the heat generated 
in cutting), and by lubricating action (reducing the heat 
generated by reducing the amount of friction). 
The formation of chips by plastic deformation was first 
noted in 1906. In the shearing process, the metal in the 
area immediately ahead of the cutting edge of the tool is 
severely compressed resulting in temperatures sufficiently 
high to allow plastic flow. This action requires large 
amounts of energy which is subsequently given off as heat. 
One estimate is that approximately 97% of the useful work 
done during metal cutting is released as heat. 
As the atoms in the metal ahead of the tool are dis-
turbed (Fig. 1) the internal friction involved is thought to 
be responsible for 60% or more of the total heat generated. 
The heat developed in this region of plastic deforma-
tion along the shear plane OA, is carried away in part by 
the chip resulting in an increased chip temperature. As the 
tool continues to push through the workpiece, the chip 
slides up the cutting face of the tool creating friction 
between the chip and tool interface (OB) and accounting for 
about 30% of the total heat generated in cutting. As the 











FIG. 1 HEAT SOURCES IN CUTTING 
8 
produces friction and accounts for the remaining 10% of the 
heat. If the shear angle is small (Fig. 2), then the plane 
on which deformation takes place extends a considerable dis-
tance ahead of the tool, so that the layer of metal removed 
is deformed into a short, thick chip. This severe cutting 
action generates considerable heat. 
If the shear angle is large, the shear path is short . 
. The result is a thinner, longer chip, and considerably less 
heat. 
Analysis of the mechanics of cutting reveals two inter-
esting facts:3 
(1) For a given material, cutting tool and metal removal 
rate, the amount of heat produced in the shear zone depends 
upon the size of the shear angle (the heat generated is in-
versely proportional to the shear angle). 
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FIG. 2 CHIP THICKNESS 
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the coefficient of friction between the sliding chip and the 
tool face. The lower the friction, the larger the shear 
angle. 
If the friction between the chip and the tool face is. 
reduced by application of a lubricating-type cutting fluid, 
then the heat coming from this rubbing friction is also re-
duced. But, at the same time, this reduction in friction 
causes the shear angle to become larger and consequently, 
heat coming from plastic deformation is also reduced. Low 
friction generally means low operating temperature, low rate 
of wear of the tool, and low cutting forces. 
As the cutting tool continues to cut into the workpiece, 
the tool face and flank are chemically "clean" and so is the 
metal rubbing against these surfaces. Freshly machined 
"clean" surfaces brought into rubbing contact in the absence 
of any contaminants undergo metal to metal siezure (cold 




FIG. 3 BUILT-UP EDGE 
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Rake Angle 
pressures such as are involved here. The pressures involved 
may range from 50,000 to 300,000 psi and are possibly higheL 
The pressure-weld thus formed is known as built-up edge 
(Fig. 3). 
Built-up edge can either be helpful or detrimental. It 
is a wedge-shaped mass of metal which is much harder than 
the workpiece. 'Actual hardness varies with the strain hard-
ening characteristics of the metal being machined. If the 
built-up edge is_large and flat along the tool face, it de-
creases the effective rake angle of the cutting tool making 
it necessary to exert more power to cut the metal. If it is 
small and sharp, it increases the effective rake angle and 
lowers the required cutting force. It also helps protect 
the cutting edge of the tool. If it breaks off and reforms 
continuously, it mars the surface of the part with rough 
spots and results in excessive flank wear and cratering of 
11 
the tool face. 
It has been authoritatively stated that "almost all of 
the roughness on a mechanical surface consists of tiny frag-
ments of metal which have been left behind by a built-up 
edge from the nose of the cutting tool". 
Cutting fluids control the built-up edge on the tool by 
reducing the friction between the tool and the chip and min-
imizing the chip-to-tool welding responsible for the built 
up edge. 
The cutting fluid penetrates to the cutting edge of the 
tool (Fig. 4) by either of two routes: between the chip and 
the tool face or between the workpiece and the tool flank. 
Investigations have shown that when turning with high 
speed steel tools, tool life can be doubled by applying cut-
ting fluids at the tool flank rather than by conventional 
flooding, and carbide tool life can be increased by flooding 
at the chip surface from the bottom up along the tool flank. 
FIG. 4 PATHS FOR CUTTING FLUID 
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Not too great a flow of fluid will run down either of 
these two paths to the cutting edge, for both the chip and 
the workpiece are moving in directions opposite to the fluid 
flow. 
In metal cutting the pressures are so high, and the 
contacting surface of the chip so rough that fluid film lu-
brication is likely not possible. Also, the temperature of 
the lubricant at the tool-chip interface is usually so high 
that its viscosity is not sufficient to provide a load 
carrying fluid film. 
It is probable that the cutting fluid penetrates part 
of the way to the cutting edge by capillary action, then be-
cause of high temperature at the tool-chip interface, the 
liquid vaporizes and reaches the cutting edge as a gas. 
This gas provides pressure separation between the chip and 
the tool face and also carries to the cutting edge the addi-
tives that provide the adsorbed film. 
At speeds of about 100 sfpm (surface feet per minute) , 
chemical actio~ is quite a bit less effective than at lower 
speeds. At speeds of about 400 sfprn, such as are used with 
carbide tools, chemical action is practically nil. Thus, at 
high speeds good cooling ability is of prime importance, 
while at low speeds friction reducing ability is the prime 
requisite. An all-round cutting fluid should combine both 
these properties to the highest degree possible. 
13 
Metal to metal contact can be prevented by using lubri-
cants containing additives that encourage the formation of 
an adsorbed film two or three molecules thick at the tool-
chip interface. Under this condition the relative motion of 
the sliding surfaces is in terms of sliding of the molecules 
of the adsorbed film on one surface against the adsorbed 
film on the second surface. If the adsorbed film is thick 
enough and tenacious enough, metal-to-metal contact will be 
prevented, wear cannot occur, and friction will be between 
molecules of the adsorbed film with corresponding low shear 
strength. With this type of sliding contact, the viscosity 
of the lubricant is not a measure of its performance. 
Proper choice of additives will promote formation of 
adsorbed films on the freshly cut metal. These films are 
more easily sheared than the parent metal, thereby protecting 
the tool face from pressure welding. 
Lubricants containing additives to encourage the forma-
tion of an adsorbed film are sometimes known as extreme-
pressure lubricants. 
Fatty acids are effective as additives for mild service 
conditions, but for severe conditions additives are used 
which contain sulfur or chlorine. This film is quite stable 
but has low resistance to shear so that sliding motion be-
tween the surfaces is in terms of layers of the . adsorbed 
film rather than sliding of.metal to metal. Furthermore, 
if the adsorbed film is sufficiently thick, and if in 
14 
service it is reduced in thickness or removed completely at 
the contacting peaks or irregularities, it may be "self-heal-
ing" to repair the area that has sheared off. 
15 
METAL CUTTING THEORY3,4,5 
Orthogonal or two-dimensional, rather than three dimen-
sional cutting will be the basis of this discussion. The 
mechanics of orthogonal cutting is much simpler than three-









FIG. 5 TYPES OF CUTS 
(a) Orthogonal Cut 




O(b = Back rake angle ao 
oCs= Side rake angle 14° 
9e = End relief angle 60 
as = Side relief angle 60 
cb = End cutting edge angle 20° 
Cs = Side cutting edge angle 15° 
R = Nose radius 1/8" 
FIG. 6 LATHE TOOL ANGLES 
Side Ra~ 
Angle 
End Cutting ~ 
~ 
Angle 
-Back Rake Angle 
Edge :-f. ~),?>-~ 
~ ~ide-Relief Angle ~ide Cutting Edge Angle 
. End Relief Angle 
FIG. 7 CUTTING-TOOL TERMINOLOGY 
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In orthogonal cutting (Fig. Sa), the cutting edge of 
the tool (OC) is at right angles to the direction of the 
relative velocity (V) of the work, and the cutting tool gen-
erates a plane surface parallel to the original plane of the 
surface being cut and only a single cutting edge is active. 
In three-dimensional cutting (Fig. Sb), the cutting 
edge of the tool is inclined at the angle, i. This is 
called the inclination angle and is defined as the angle be-
tween the cutting edge and the normal to the direction of 
the velocity (V) of the work. The chip-flow angle, <7 c> is 
defined as the angle between the chip flow direction and the 
normal to the cutting edge. Both i and~ c are zero in 
orthogonal cutting. 
In orthogonal cutting, the complement of the rake angle 
determines the angle through ~hich the metal is deflected by 
the tool in forming the chip, and is independent of the re-
lief angle. 
In the development of the discussion that follows, the 
following assumptions are made: 
(1) The tool has a sharp edge 
(2) The depth of cut { t) is uniform 
( 3) The tool is wider than the workpiece 
(4) All relative motion is in the plane normal to the cut-
ting edge, that is, the chip does not flow sideways. 






FIG. 8 BASIC SPACE LATTICES FOR METALS 
(a) Face-centered Cubic 
{b) Body-centered Cubic 
(c) Close-packed Hexagonal 
19 
space lattice are bound together bX stro~g interatomic 
forces as is exhibited by the large amount of deformation 
which occurs during the shearing action in chip formation, 
20 
may be thought of as stiff helical springs so that if there 
are external forces which tend to separate two atoms, the 
hypothetical springs joining the atoms will resist the sep-
aration by tensile forces set up in the springs. Likewise 
if the atoms are forced together, the springs will resist 
the deformation by compressive forces. 
In any crystal the atoms lie in natural geometric 
planes. For instance, in a crystal composed of face-cen-
tered cubic lattice there are three typical planes as shown 
by the shaded areas in Figure 9. These planes contain dif-
ferent numbers of atoms and also have different areas. Thus, 
owing to the strong cohesive forces holding atoms together 









FIG. 10 DEFO~~TION OF A CRYSTAL 
parallel planes between them must be planes of low atomic 
density that are relatively weak in resisting forces applied 
to the crystal. These intermediate planes are called shear 
planes. 
Fig. 10 shows schematically a single crystal with hori-
zontal shear planes as at (b) , the crystal will be deformed 
along the shear planes. If the stress is moderate, that is 
22 
below the yield point, the crystal will return to its orig-
inal configuration as at {a) upon removal of the stress. If 
the stress exceeds the yield point, slip will occur as at 
{c) , and when the load is removed, the crystal will have 
permanent deformation as shown at (d) • 
The manner in which atomic movement occurs along the 
shear plane can be visualized by considering that the atoms 
in the planes of high atomic density (slip planes) can be 
represented by hard close-packed spheres (Fig. 11). 
An unloaded pair of planes is shown at (a). If moder-
ate shear forces are applied as at {b), each atom in the 
lower row will exert a force towards the left on its neigh-
bour in the upper row as shown by arrows. On removal of the 
force, the atoms will revert to their original position (a). 
(a) (b) 
FIG 11. SLIP OF ATOMS ALONG SHEAR PLANE IN. A CRYSTAL 
23 
FIG. 12 PLANE OF MAXIMUM SHEAR STRESS IN TENSION MEMBER 
If, however, large shear forces are applied, the atoms in 
the upper row may move one atomic distance 'b' to the right 
as shown at (c). On removal of the force the atoms will re-
main in their new position. 
Ductile materials subjected to simple loading, fail in 
shear along the s·ection that has maximum shear stress. 
As shown in Fig. 12, crystals located in the maximum 
shear stress plane will have random orientation. Along this 
section there will be, at random locations, crystals whose 
orientation is such that their shear planes coincide with 
45-degree section such as crystal 'C' in the figure. The 
slip of these crystals will cause severe distortion of ad-
jacent crystals, which in turn, will fail along their own 
















FIG. 13 DEFORMATION OF CRYSTALS 
(Dislocation is shown by heavy line) 
(a) Undeformed Crystal 
(b) Elastic Deformation 
(c) Plastic Deformation 
(d) Dislocation has moved from (c) 




Considering now the mechanism of plastic deformation, 
Fig. 13 shows the face view of a perfect cubic lattice. At 
(b) is the result of applying a moderate shear stress, s. 
With this configuration, if the stress becomes higher, slip 
will occur as shown at (c) ' so that the upper layer of the 
crystal will shift to the right by one atomic spacing but 
as yet, no shift has occurred at the right end. It can be 
seen that the first stage of plastic deformation (c) affects 
only a few atoms along the slip planes and can be produced 
by a much lower shear stress than would be required if all 
the atoms along the slip plane were shifted at once as shown 
in Fig. 11. At (c) in Fig. 13, plastic flow has been initi-
ated and the resulting dislocation is indicated by the heavy 
line. ·The dislocation thus formed will then move towards 
the right as shown at (d) and on towards the final stage 
(e). Consequently, the yield stress may be considered as 
the stress which will move a dislocation. 
Dislocations (addition or subtraction of an atom or 
atoms in a regular array of atoms) reduce the stress that is 
required to produce slip in a crystal. 
In Fig . 14, the tool is considered stationary, and the 
workpiece moves to the right. The state of stress in the 
workpiece just ahead of the cutting tool is somewhat compli-
cated, however, there is a plane somewhere in the material 
along which the shearing stress is maximum. If the material 
is ductile so that it does not fracture first, then there 
26 
will be plastic flow along that plane. Thus, the chip is 
formed by plastic deformation of the grain structure of the 
metal along the shear plane. 
Actually, the deformation does not occur sharply across 
the shear plane, but rather it occurs over a finite distance 
so that the structure begins to elongate along (AB) in 
Fig. lSa and continues to elongate until the structure is 
completely deformed along (CD). The region between the low-
er surface, where the elongation of the grain structure be-
gins and the upper surface, where it is completed is called 






where t = thickness of chip c 
t = depth of cut 
0( 
= rake angle 
f1 = .shear plane angle 
FIG. 14 THE SHEAR PLANE 
Worlpi1c. 
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FIG. 15 MECHANICS OF CHIP FORMATION 
(a) Geometry 
(b) Photomicrograph 
(c) Model to demonstrate mechanism of 
chip formation, showing difference 
between direction of shear and of 
'flow lines' in chip.J 
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The region of plastic deformation in metal cutting is 
commonly referred to as the shear plane, instead of shear 
zone. If the crystal structure passed instantly from the 
undeforrned state of the workpiece to the deformed state of 
the chip, the transition would occur along the shear plane 
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in zero time, which from energy considerations would require 
an infinite force. Actually, the thickness of the shear 
zone allows the necessary time for deformation to take place 
compatable with the available force. 
In the shear zone, the line of elongation of the grains 
due to their deformation is at a greater slope than the 
boundaries of the shear plane by the angle f as shown in 
Fig. 15 a and c. 
In Fig. 15 the shear zone is included between two par-
allel lines. Actually, however, the lines confining the 
shear zone may not be parallel but may produce a wedge 
shaped zone which is thicker near the tool face in the 
figure. This is one of the causes of curling of the chips 
in most machining operations. 
The forces acting on the chip in orthogonal cutting 
are shown in Fig. 16 and are as follows: 
F - - the resistance to shear of the metal in forming s 
the chip. This force acts along the shear 
plane. 
F - - the force normal to the shear plane and is a 
n 
'backing-up' force on the chip provided by 
the workpiece. 
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N the force acting on the chip normal to the cut-
ting face of the tool and provided by the tool. 
F the frictional resistance of the tool acting on 
the chip and acting against the motion of the 
chip as it glides upwards along the tool face. 
Fig. 16b is a free-body diagram showing the forces act-
ing on the chip in which forces Fs and Fn may be replaced by 
their resultant Rand forces F and N by their resultant R'. 
This means that only two combined forces are considered to 
act on the chip, that is Rand R'. While there are external 
couples on the chip which curl it, they may be neglected in 




FIG, 16 FORCES ON CHIP 
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if equilibrium is to exist when a body is acted on by two 
forces, they must be equal in magnitude, opposite in direc-
tion and in the absence of a couple, collinear. Therefore 
Rand R' are equal in magnitude, opposite in _direction and 
collinear as shown in Fig. 16b. 
Figure 17 shows a composite diagram in which the two 
force triangles of the Fig. 16b have been superimposed by 
placing the two equal forces R and R' together. Since the 
angle between Fs and Fn is a right angle, the intersection 
of these forces lie on a circle with diameter R as shown. 
Also F and N may be placed in the figure as shown to form 
the circle diagram. The circle diagram is convenient for 
determining the relations between the various forces and 
FIG. 17 RELATION BETWEEN FORCES IN METAL CUTTING 
angles. 
Fe, the cutting force, is the component of either of 
the equal and opposite resultant forces (R or R'} in the 
direction of motion of the cutting tool. It is the force 
required to actually push the tool ahead through the cut, 
that is, it is responsible for practically all the work 
done or power consumed in the cutting process. 
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The thrust force, Ft, is the force component acting at 
right angles to the cutting force and tending to push the 
tool away from the work (or, sometimes to pull it into the 
work}. Since it is at a right angle to path of motion of 
the tool, it does no work (or consumes no power} but tends 
to affect accuracy, chatter, etc., by its efforts to push 
the tool out of its prescribed path. 
The total work done by the cutting tool in removing 
metal, determined by the value of force component Fe, is 
actually derived from two sources. It is the sum of the 
work used in overcoming friction as the chip slides over the 
tool face and the work consumed in shearing the metal on the 
shear plane. 
The horizontal cutting force Fe and the vertical force 
Ft can be determined in a machining operation by the use of 
appropriate force dynamometers. The electric strain gage is 
a common type of device used for this purpose. F0 is the 
horizontal cutting force of the tool on the workpiece, and 
Ft is the force in the vertical direction required to hold 
the tool against the work. After Fe and Ft are determined, 
they can be placed on the circle diagram and the forces F 
and N found. 
A number of important quantities can be calculated from 
the geometrical relations found in Fig. 17. They are: 
Coefficient of friction = M = F t + F c tan c< 
Fe - Ft tanac 
Friction force = F = F t cos oc + F c sin a:: 
where ex = rake angle of the tool. 
(1} 
(2) 
The shear-plane angle (~) can be measured approximately 
from a photomicrograph. Another method for determination is 
by measurements of the thickness of the chip (tc> and the 
depth of cut (t} or by measurements of the length of chip 
and the corresponding length of machined surface. 
It can be seen from Fig. 18a that, if the shear-plane 
angle (~) bisects the angle AOB, the chip thickness will 
equal the depth of cut. However, the shear-plane angle is 
usually less than half the angle AOB as shown in Fig. 18b. 
This means that the chip thickness is larger than the cor-
responding depth of cut. 
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The ratio of the depth of cut and chip thickness called 
the chip thickness ratio, r, may be found as: 
= t 






---- v 0 
(a) 
(b) 
FIG.l8 CHIP THICKNESS 
is: 
= OC sin ~ 








sin §lcos ~ (cos p cosoc /cos ) + (s:Ln 
= 
tan f! 
cos ex + (sino< tan ~) 
tan f! - r sin 0(. tan f! = r cos oe 
tan ~ ( 1 - 4 sin o<. ) = r cosoc. 
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(3b) 
~ sine( /cos ~) 
tan f! = r cos ~ 
1 - r s1noc.. (4) 
An alternative methodS of determining cutting ratio, r, 







Ao = cross sectional area of the chip before removal, 
thousandths of a square inch. 
f = specific gravity of the metal being cut 
m = weight of chip per unit length, lb/in. 
The ratio (r) may be determined from equation (3a) by 
reading the machine-tool depth-of-cut setting (t) and microm-
eter measurement of tc. This latter is somewhat difficult 
because of chiJ? roughness, A. better way to determine the 
ratio, r~ is by using lengths rather than thicknesses, As ... 
suming that the density of the metal does not change during 
cutting, then the volume of the chip is equal to the volume 
of the metal cut in orthogonal cutting, then the thickness 
of the chip multiplied by its length will be equal to the 





Lc = length of chip 
L = corresponding length of material removed 
from workpiece. 
After Fe, Ft'~' and~ are known, all the component 
forces on the chip may be determined from the geometry of 
(5) 
Fig. 17. These relations are useful as a step in obtaining 
a quantitive understanding of the metal-cutting process and 
in estimating the power required to machine various metals 
as affected by the composition of the metal, tool materials, 
their angles and finishes, and cutting speeds and cutting 
fluids. 
Since the chip is usually thicker than the depth of 
cut, the velocity of the chip as it moves along the tool 
face must be less than the cutting speed. In Fig. 19, let 
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(a) (b) 
FIG. 19 VELOCITY RELATIONS IN METAL CUTTING 
(a) 
(a) Tool and Chip 
(b) Velocity Polygon 
(b) 
FIG. 20 TOOL RAKE ANGLE 
(c) 
(a) Low strength and low heat conductivity 
(b) Greater Strength and Medium Heat Conductivity 
(c) High Strength and High Heat Conductivity 
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Vc be the cutting velocity of the tool relative to the work~ 
piece, The chip glides along the cutting face of the tool 
with a velocity relative to the tool of vf. The newly cut 
chip elements move relative to the workpiece along the shear 
plane, as shown by the vector Vs. 
From the principle of kinematics that the relative velo-
city of two bodies (the tool and chip) is equal to the vector 
difference between their velocities relative to the reference 
body (the workpiece) 
Vc = vs_._vf 
From the geometry of Fig. 19b, the velocity of the chip slid-
ing along the cutting face of the tool is therefore 
Vf = Vc sin~ 
cos (~ - oc) 
= r Vc (From eq. 3c) 
Also, the velocity of sliding of the chip along the shear 
plane (Vs) may be found equal to 
= v c cos oc; 




The performance of a cutting tool is markedly affected 
by its rake angle, as follows: 
(1) The strength of the tool and heat conduction; as shown 
in Fig. 20a, a tool with large rake angle is weak so that 
the point may break off; also, the heat will not be conducted 
away from the point of tool as readily. The shape at (c) 
with negative rake angle results in a stronger tool with 
jzoo~-r~~~~~~~~~~~~~ 
J'oor--T--~~r--r--+-~--~--+--4--~ 
0~~--~~--~~--~~--~~--~ 0 15 30 
Rake onole, deQ 
FIG. 21 
RELATION BETWEEN CUTTING FORCE AND POSITIVE RAKE ANGLE6 
better heat conductivity. 
(2) The effect of cutting force; as the rake angle is de-
creased, the shear-plane angle ~will be decreased and for 
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the same depth of cut, the extent of the shear plane will be 
increased so that the cutting force will be increased, as-
surning that the coefficient of friction at the tool-chip 
interface remains constant. 
Fig. 21 shows the relation between the cutting force 
and positive rake angle, with a high speed steel tool as 
found by Hans Ernst. 6 
Unexpected results are shown by the curves in Fig. 22 
(again by Hans Ernst), that, even with negative rake angle, 
the cutting force decreases as the speed increases whereas, 
owing to the increased extent of the shear plane with nega-
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FIG. 22 CUTTING FORCE VS. CUTTING SPEED& 
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increase. The explanation of this is felt to lie in the de-
crease in the coefficient of friction, which is evidently so 
decreased that the cutting force is correspondingly decreasd. 
Ernst observed, that the low friction force at the tool-
chip interface is reached in a tool with negative rake angle 
only at high cutting speeds. A·reason for this, advanced by 
Ernst, is that at high cutting speeds the temperature in a 
thin layer of the chip adjacent to the tool face is so high 
that its shear strength is lowered so that the frictional 
force is markedly reduced. 
A favorable combination of conditions is that at high 
cutting speeds and correspondingly high chip velocity heat 
is carried away rapidly by the chip to prevent intolerable 
temperatures at the tool; however only sintered carbide and 
ceramic tools can withstand these high temperatures. Hence 
carbide and ceramic tools can be used most effectively at 
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high cutti~g speeds ~nd with negat~ve or ze~o ~~ke ~ngles~ 
Fig. 23 shows the forces as applied to orthogonal turn~ 
ing where all the forces marked fall in one plane, namely 






FIG. 23 ORTHOGONAL FORCES ON A LATHE TOOL 
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DISCUSSION 
The same tool holder for the lathe that K. E. Spencer? 
used for his research was used in this experiment. The only 
change made was that a l/16th inch diameter hole was drilled 
instead of the l/64th inch diameter hole used by K. E. 
Spencer (Fig. 24). Also, it was necessary to change the 
position of this hole as a new carbide tip was used which 
\ 
Tool 
_ 1/8" pipe thread, 2 7 threads per inch 
1/2" deep 





TOOL HOLDER AND TOOL 
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happened to be thinner than the original one and hence the 
lubri-coolant was impinging on the workpiece above the chip. 
This new hole was also drilled such that the stream of lubri-
coolant would pass approximately l/32nd of an inch above the 
cutting edge. The change in hole diameter was necessary to 
prevent the hole from clogging and also to provide a better 
supply of lubri-coolant. The lubri-coolant used was 9 to 1 
ratio of Sioux soluble oil to water, by weight. 
The horizontal (feed force) and vertical (rotational 
force) forces encountered during the cutting operation were 
measured by measuring the strains. Thus, it was necessary 
to mount strain gages on the tool holder (Fig. 25). For 
this purpose the gages used were SR-4, type A-5, 120.4 ~ 0.2 
ohms resistance, and having a gage factor of 2.01 ~ 1%. 
The lubri-coolant was pumped from the sump tank of the 
machine through a pressure gage after which the line was 
bifurcated, one going to the l/16th inch diameter hole in 
--------Compensator gage 
gage 
FIG. 25 GENERAL LOCATION OF GAGES ON TOOL HOLDER 
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the tool holder and the other to the copper tubing at the 
end of which the lubri-coolant fell over the chip causing 
flooding. In each of these lines, there was a valve to con-
trol the flow so that each system could be used independent-
ly and the pressure measured on the pressure gage. The 
pressure used was 12 psi. 
After the strain gages were glued in position a red 
water proofing compound (GW 1 made by Budd Company) was ap-
plied to give protection against the lubri-coolant, but it 
was found that this water proofing compound was soluble in 
oil and hence was soon washed out exposing the leads to the 
lubri-coolant. Consequently, number 1 Permatex was used in-
stead of the red compound to give protection to the strain 
gages. This also was not successful as the lubri-coolant 
penetrated through the Permatex to the strain gages and the 
long continuous chips obtained scraped the Permatex off wit~ 
out any difficulty. Next, to obtain waterproofing, General 
Electric's ''Glyptal" was coated on the strain gages on top 
of which Perrnatex was employed to give some degree of me-
chanical protection against the chips. This seemed to work 
well as far as water proofing was concerned, but in spite of 
the fact that the leads coming out from the strain gages 
were clamped in position to prevent any disturbance, the 
lead wires broke as Glyptal made the leads brittle and hence 
any pull broke them. Also the chips were cutting the leads 
near the tool holder, and it was necessary to pass through 
plastic tubes in the cutting area to give mechanical 
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FIG. 26 GENERAL SET-UPS 
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protection. As a solution to all these problems, it is sug-
gested that a tool-dynamometer be used. This will give the 
strain gages complete protection from both. the coolant as 
well as the chips (See appendix for sketch of suggested tool 
Dynamo meter) . 
The material used for cutting was SAE 4140 alloy steel 
which has a machinability rating of 50 and has become some-
what a voluntary standard for cutting tests. Strains were 
measured on the strain indicating unit which was connected 
as shown in Fig. 27. 
The tool set-up was calibrated by loading the tool in 
the horizontal and vertical direction on the tool tip indi-
vidually and recording the applied load and their correspond-
ing strain readings. The readings obtained were plotted as 
calibration curves as shown in the appendix. 
As the machine used was worn, it was found that occa-
sionally the depth of cut would decrease before the gage 
reading could be taken. In ordei that such slight variation 
could be easily detected and controlled, a dial indicator was 
mounted between the cross slide and the carriage of the 
lathe. 
Again, it was found that by changing the feed or by 
stopping the spindle between readings the values obtained 
could not be reproduced. Thus care was taken to let the 
work rotate once it was started for each feed, that is, with 
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one feed setting, readings were taken for different depths 
of cut before the spindle rotation was stopped and feed ad-
jus ted. 
As it took some time for the strain to reach the maxi-
mum value, it was not possible to have all the readings for 
a particular depth of cut on the same diameter. 
It was also observed that the coolant impinging on the 
tool gave some strain indication and hence the strain indi-
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FIG. 27 WIRING DIAGRAM FOR STRAIN GAGES 
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TEST PROCEDURE 
1. The lubri-coolant was passed through the tool at 12 psi 
and the strain indicator was allowed to come to rest be-
fore balancing the indicator to a zero setting. 
2. With a set speed, feed and depth of cut, the feed was 
engaged and the maximum reading indicated was recorded. 
3. Sufficient time was allowed before changing the method 
of lubri-coolant application to let the strain indicate 
to zero and if after a reasonable time it had not done 
so, the bridge was balanced again. This was at the 
same speed, feed and depth of cut as in step 2. 
4. Steps 1, 2 and 3 were repeated in a set order. The 
feed was varied from maximum to minimum and for each of 
these feeds, the depth of cut was varied from maximum 
to minimum. 
5. The rotation of the workpiece was so adjusted as to give 
as near 275 sfpm cutting speed as possible considering 




Two readings were recorded for each variable for each 
tool setting, The sample calculations for SAE 4140 alloy 
steel with a depth of cut of 0.040 inches and 0.0116 inches 
per revolution for flooding are as follows: 
depth 1st 2nd Average (strains) 
0.040 110 108 109 (micro ins. /in.) 
Now referring to the calibration curve of feed gage for 
a strain of 109 micro ins./in. the force is 1370 lbs. (Ap-
pendix). 
The data were plotted as shown in Figures 28 through 30. 
No attempt was made to derive an equation from these data, 
instead the points were joined by straight lines to show the 
trend that an actual curve could follow. The data obtained, 
however, did show that the method of applying lubri-coolant 
through the tool holder required less cutting force than by 
the conventional means of flooding. Again, it also shows 
that the force due to feed is also greater than that due to 
rotation and that both these force differences become quite 
large at heavier feeds and depths of cut. 
In the review of literature it was shown that the larg-
er the shear angle, the thinner the chip, resulting in lower 
friction and lower cutting force r equirements. A sample 
chip at 0.040 inches depth of cut and 0.0116 inches per re-
volution feed was taken and compared for the types of appli-
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cation of the lubri-coolant. for the same depth of cut and 
feed, the values of the coefficient of friction and friction 
force was calculated for the two methods of lubri-coolant 
application. 
The equation for the calculation of the shear angle ~is: 
tan Il = l 
r cos«. 
- r s~n <X. 
where OC is the rake angle and is equal to zero in this case 
and 
r = depth of cut 
chip of thickness 
= t 
tc 
Therefore tan ~ = r. The thickness of the chip was 
0.025 inches with the lubri-coolant applied through the tool 
holder and 0.028 inches with flooding. 
tan ~ = 0.040 = l 60 0.025 • 
= 58° (lubri-coolant through the tool holder) Hence, Il 
tan Il = 0.040 = 1.43 0.028 
Hence, ~ = 55°2' (flooding) 
Ft + F c tanOC Now coefficient of friction =JJ.. = tan,., Fe + Ft -






= 1~57 (lubri--coolant through 
the holder) 
and 4 . 1080 = 355 
= 3.04 (flooding) 
Friction force = F = Ft coso( + F0 sinO(. 
= Ft 
= 730 lbs. (lubri-coolant through the 
tool holder) 
= 1080 lbs (flooding) 
This verifies the readings obtained for the cutting 
forces that with the application of the lubri-coolant at the 
tool-chip interface, the friction was reduced and hence 
lesser cutting forces were required. 
Although no attempt was made to study chip temperatures, 
it was observed from a visual inspection of the chip discol-
oration, that the chips obtained by the application of the 
lubri-coolant through the tool-holder had remained at a 
lower temperature since there was no discoloration, ·while 
flooding of the lubri-coolant gave chips of a light brown 
color indicating some oxidation due to heat. This was prob-
ably due in large part to the reduced friction obtained by 
the former method of lubri-coolant application. 
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FIG 28. CUTTING FORCE VS. DEPTH OF CUT 
FOR SAE 4140 STEEL - FEED 0.0052 




SAE 4140 STEEL Feed - 0.0052 in./rev. 
Cutting fluid through the tool holder 
Depth of Strain (micro ins./in.) Cutting Force 
(lbs) 
cut (in.) Gage Readings Average 
Feed Rotational Feed Rotational Feed Rotational 
0.010 8 7 8 6.5 100 85 
8 6 
0.020 11 9 10.5 8.5 130 112 
10 8 
0.030 18 8 17 9 212 118 
16 10 
0.040 22 10 22 11 280 145 
22 12 
0.050 25 14 26.5 13 335 172 
28 12 
0.060 38 18 35 15 440 200 




SAE 4140 STEEL Feed - 0.0052 in./rev. 
Cutting Fluid - - Flooding 
Depth of Strain (micro ins./in.) Cutting Force 
( lbs.) 
cut (in.} Gage Readings Average 
Feed Rotational Feed Rotational Feed Rotational 
-
0.010 11 6 10.5 5 130 65 
10 4 
0.020 18 10 17.5 10 220 132 
17 10 
0.030 22 14 22 13.5 280 178 
22 13 
0.040 26 16 26.5 16 335 210 
27 16 
0.050 30 16 31 17 390 225 
32 18 
0.060 50 28 50 30 630 400 
50 32 
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FIG. 29 CUTTING FORCE VS. DEPTH OF CUT 
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SAE 4140 STEEL Feed - 0.008 in./rev. 
Cutting Fluid Through the tool holder 
Depth of Strain (micro ins. /in.} Cutting Force 
( lbs.} 
cut (in.) Gage Readings Average 
Feed Rotational Feed Rotational Feed Rotational 
0.010 42 20 41 21 517 277 
40 22 
0.020 50 30 48 30.5 605 405 
46 31 





SAE 4140 STEEL Feed - 0.008 in./rev. 
Cutting Fluid - - Flooding 
Depth of Strain (micro ins./in.) Cutting Force 
( lbs.) 
cut (in.) Gage Readings Average 
Feed Rotational Feed Rotational Feed Rotational 
0.010 45 16 44 17 555 225 
43 18 
0.020 52 22 50 23 630 305 
48 24 
0.030 56 36 58 35 730 465 
60 34 
0 10 
FIG. 30 CUTTING FORCE VS. DEPTH OF CUT 
FOR SAE 4140 STEEL - FEED 0.0116 
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SAE 4140 STEEL Feed - 0.0116 in./rev. 
Cutting Fluid Through the tool holder 
Depth of Strain (micro ins./in.) Cutting Force 
( lbs.) 
cut (in.) Gage Readings Average 
Feed,Rotational Feed Rotational Feed Rotational 
0.010 16 10 19 11 240 145 
22 12 
0.020 32 10 27 12 340 158 
22 14 
0.030 76 20 73 20.5 918 272 
70 21 





SAE 4140 STEEL Feed - 0.0116 in./rev. 
Cutting Fluid - - Flooding 
Depth of Strain (micro ins. /in.) Cutting Force 
( lbs.) 
cut {in.) Gage Readin~_gs Average 
Feed Ro'tationa] Feed Rotational Feed Rotational 
0.010 35 18 39.5 20 500 265 
44 22 
0 . 020 59 20 52 20 655 265 
45 20 
0.030 100 32 99 33 1242 438 
98 34 




From the results obtained, it can be concluded that: 
1. Directing the stream at the tool-chip interface is 
more effective in reducing the cutting force and 
hence reducing wear, heat generated, cost of manu-
facturing, and increasi~g tool-life under condi-
tions of large feed and depths of cuts . 
. 2. This process becomes more effective at higher 
depths of cut and feeds where the chips are of ap-
preciable dimensions. 
3. This process is not effective at depths of cuts 
and feeds corresponding to finishing cuts. 
4. The chip temperature was reduced by application of 
lubri-coolant at the tool-chip interface. 
5. Application of the lubri-coolant at the tool-chip 
interface resulted in a larger shear angle and 
smaller coefficient of friction and friction force. 
6. The cutting force due to feed is greater than that 
due to rotation. 
1. The application of this method would probably re-






Load Strain (micro ins. /in.) (lbs) 
Feed Rotational 
Run No. Run No. 
1 2 Avg. 1 2 Avg • 
. 
25 3 2 2.5 2 2 2 
50 5 4 3 4 4 4 
75 7.5 6 6.75 6 5 5.5 
100 10 8 9 8 7 7.5 
I 
125 12 10 11 10 9 9.5 
150 14 12 13 12 10.5 11.25 
175 16 14 15 14 ! 13 13.5 
200 18 16 17 16 14 15 
225 20 18 19 18 16 17 
250 22 20 21 20 18.5 19.25 
275 24 22 23 21.5 20.5 21 
300 26 24 25 23.5 22 22.75 
325 28 26.5 27.25 25 23.5 24.25 
350 30 28.5 29.25 26.5 26 26.25 
375 32 30.5 31.25 28 28 28 
400 34 32.5 33.25 30 30 30 
425 36 34.5 35.25 32 32 32 
450 38 36 37 34 33.5. 33.75 
4 75 40 38 39 36 34.5 35.25 
500 42 40 41 37.5 36.5 37 
525 44 42 43 39 39.5 39.25 
550 46 44 45 41.5 41.5 41.5 
575 48 46 47 43 43 43 
600 50 48 49 45 46 45.5 
625 51 50 50.5 
650 53 51 52 
675 55 52 53.5 
700 57 54 55.5 
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CALIBRATION DATA (CONTINUED) 
-Load Strain (micro ins. /in.) ( 1bs.) 
Feed Rotational 
Run No. Run No. 
1 2 Avg. 1 2 Avg. 
725 59 55.5 57.25 
750 60 58 59 
775 62 60 61 These 
800 64.5 62 63.25 
readings 
825 67 64 65.5 
850 68.5 66 67.25 
875 70.5 68 69.25 were 
900 73.5 70 71.75 
not 
925 74.5 72.5 73.5 taken 950 77 75 76 
9 75 78.5 76 77.25 as 1000 80 78 79 
they 1025 81.5 80 80.75 
1050 84 82 83 were 1075 86 84 85 
1100 87.5 85.5 86.5 not 
1125 90 88 89 encountered 
1150 91 90 90.5 
1175 93 91.5 92.25 in 
1200 95 93.5 94.25 
the 
1225 96.5 96 96.25 
1250 98 98 98 experiment 
1275 100 100 100 
1300 102 102 102 
1325 10 4 104 104 
1350 106 106 106 
1375 108 108 108 
1400 110 110 110 
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FIG.32 CALIBRATION CURVE 
Load, pounds 
TABLE 8 
COMPENDIUM SHOWING THE TYPES OF OIL, THEIR PROPERTIES AND USES 



















1. Low viscosities 
40-200 SSU at 100 F. 




1. Better wetting and 
penetrating proper-
ties than oil (1) 
above. 
Uses 
1. For light duty machining of non-
ferrous metals like aluminum, 
magnesium and brass where lubri-
cating and cooling requirements 
are not severe. 
2. For sulfurized and/or leading 
(free cutting) metals for these 
materials have the lubricant 
built right into them. 
3. For tapping and threading of 
white metals. 
1. Forming gear hobs on machines 
using high speed steel cutting 
tools. 
2. On tough non-ferrous alloys, 
where a sulfuriz ~d oil might pro-
duce undesirable discoloration. 
1. In automatic screw machines. 
2. For machining copper and its 
alloys. 


















2. Gives better machined 
finish on ferrous and 
nonferrous metals. 
1. Excellent lubricity 
2. Stains less than 
sulfurized oil. 
3. Inactive at lower 
temperatures but 
active about 700 F 
4. Excellent antiweld 
characteristic 
1. Better antiweld 




4. ~vhere finish and precision is 
required. 
1. For non-ferrous metals where 
a high finish is required. 
2. In job shop where ferrous and 
nonferrous jobs are worked on 
same machine. 
3. As dual and tri-purpose oils 
as cutting fluid, lubricant 
and hydraulic fluid combined. 
4. Where cutting pressures are 
high and vibration is likely 
to be excessive. 
































2. Effective in machin-
ing highly ductile 
metals with low 
machinability rating. 
1. Superior antiweld 
characteristics. 
2. Prevents excessive 
built up edge 
3. Longer tool life. 
Uses 
1. Low carbon and plain steel. 
2. Copper and its alloys are 
stained and hence not used here. 
1. For threading soft, ductile 
steels. 
2. For tough low-carbon steels and 
chrome-nickel alloys. 






























1. Low cost 
2. Good rust inhibi-
tion 
3. Adequate lubricity 
1. Similar to (1} 
above 
1. Smoking and fogging 
with heavy cuts are 
eliminated. 
Uses 
1. Most widely used for ordinary 
cutting operations. 
1. For tougher machining operations. 
2. For aluminum 
1. For even tougher machining 
operations. 
2. For broaching, gear hobbing, gear 
shaping and shaving and turning. 




3. 1. True- 1. 
Chemical solution 2. 
cutting fluid 
fluids 3. 
2. Wetting I 1 . agent type 2. 
3. 











Leave hard and 
crystalline de-









on moving machine 
parts. 












As grinding solution 
With high speed steel tools and 
carbide tools 
For tough machining jobs. 







Fibre Glass Cloth 












Annular Ring to Hold the Fibre 
Glass Cloth in Position Between it and 
'0'-Ring. 
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